INTRODUCTION
Assigning appropriate credit to contributors of multiauthored publication is a challenging problem. Several schemes have been proposed to achieve this in a "fair" way [2] [3] [4] [5] [6] [7] [8] . The issue has received special attention in connection with the h-index proposed by Hirsch in 2005 [9] , motivated by the huge importance that this single number has gained in the evaluation of scientists and institutions.
Recently, Hirsch has proposed an interesting variation to the h-index that uses a strongly biased credit distribution compared to all previous suggestions: Instead of giving (possibly normalized) credit to all co-authors, only a single author, the so-called α-author, can claim credit for a given paper [1] . More precisely, the new index h α is constructed in the same way as h from a scientist's list of publications, but only publications are counted in which the person is the α-author. The α-author, in turn, is defined as the contributor with the highest value of the conventional h at present. While h α may at first seem to be even more "unfair" than h, it is not intended to serve the same purpose. Instead, it is meant to measure "scientific leadership", based on the assumption that the α-author has contributed significantly to the conception and realization of the project leading up to the paper. In this sense, h α can be used to complement other, more conventional, measures of scientific success, including h as such.
Hirsch's introduction of h α has quickly given rise to some criticism in Ref. [10] , partly because it was perceived to reinforce the Matthew effect in science, and partly because of a technical issue: In order to determine who the α-author of a given paper is, Hirsch proposed to compare the h values of all co-authors at the present time and not at the time of the paper's publication. This simplifies the calculation, as current h values are readily available. In fact, it is often assumed that calculating historical h values is difficult or impossible [10] . However, Leydesdorff et al. argued that using current h values can lead to significant instabilities in the resulting of h α 's for collaborating scientists, since small relative changes in the h values of the collaborators can lead to a shift of the α-author status in many co-authored papers [10] . Hirsch has addressed both aspects of this criticism in Ref. [11] .
The consequences of using the current h values for the historic ones at the time of a paper's publication when calculating h α are, in fact, poorly understood and closely related to the time dependence of h for individual scientists. In the present work, we show that historical h values can be readily calculated using retrievable data from Web of Science and we study the time dependence of h for a large number of condensed matter physicists. We show that the average of h over a larger population does indeed show a roughly linear time dependence, but this does not hold on the level of individual scientists. Given the relative ease of calculating historical h values, the definition of h α could thus be modified such that the α-author is determined at the time of a paper's publication. However, a more severe practical problem with h α is that it is extremely difficult to calculate due to (co-)author name disambiguation.
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As an alternative implementation of Hirsch's proposal, we consider variations of Galam's gh-index [6] to identify early career achievements or scientific leadership of authors from the position of their name in the author list. Such an approach is obviously only meaningful in a research field where the order of the authors encodes information about their contributions (as is the case in condensed matter physics).
This paper is structured as follows: The Methods section briefly explains the data set used in this study and how to automatically calculate the time dependence of h for a large group of scientists. In the Results and Discussion section we first present our results on the time dependence of h and then discuss the possibility to use Galam's gh to assign credit to single authors in order to investigate certain properties such as research leadership. We end the paper with a Conclusions section.
METHODS
The data set used in this study has already been introduced in Ref. [12] and it is described in detail there. In short, it consists of general citation data for 302 condensed matter physicists (number of publications, citations and h-values today) extracted from ResearcherID between April and December 2018, combined with detailed citation data for every paper co-authored by these individuals (24,286 papers), extracted from Web of Science (WoS).
For a given individual from the group, the value of h at any desired point in time can be determined as follows: In WoS, a search for all the individual's papers is performed using the Researcher ID number as unique identifier. Using the "create citation report" function, the details of every single paper can be obtained, i.e. the author list and the number of times the paper has been cited in each year after its publication. This data can be exported from WoS for further analysis. Calculating h at a given point in time is now a trivial matter because it simply requires counting the number of published papers and the number of citations these papers have acquired up to that point in time. It is also possible to obtain the position of the author in question by inspecting the author list. This cannot be done entirely automatically, notably in the case of name changes or different spelling possibilities of a name. Note that the procedure offers a certain amount of protection against false Researcher ID profiles because publications which are not co-authored by the owner of the profile stand out.
The starting point t = 0 is defined as the year a given author has published the first paper. When a time dependence is considered, the starting year is also the year zero. When we refer to a 20 year career, we are thus considering years zero to 19. 
RESULTS AND DISCUSSION

Time dependence of the h-index
The time dependence of the h-index for individual researchers has been the central issue in the debate about the stability of the proposed h α -index [1, 10, 11] . Determining the α author of a historical paper by choosing the author with the highest h today is only unproblematic if h increases linearly and with the same rate for all coauthors [11] . This assumption is obviously questionable because a variation in the growth rates of h is the feature that turns h into a useful quantity in the first place. The time dependence of the h-index has been investigated previously [13] [14] [15] [16] [17] [18] [19] , albeit mostly theoretically or for a small number of individuals. Different curve shapes consistent with monotonic growth have been discussed [17] . To the best of our knowledge, no systematic study of the time dependence of h for a well-defined larger group of scientists has been carried out so far.
We start by investigating the average time dependence of h for three sub-sets of the 302 individuals in our data set: scientists with a career length of up to 15 years (154 individuals), 20 years (105 individuals) and 25 years (67 individuals). Note that the group of 154 individuals with a career length of at least 15 years also contains all members of the other two groups. The results are shown in Figure 1 (a). The assumption of a linear increase of h with time is clearly reasonable, if not entirely correct. Remarkably, the slope of the curve is higher for the groups with a shorter career span. This can be expected because these groups also contain the "young" researchers with a career start after 2002, and these profit especially from the general growth in the number of published papers and hence also citations [20] .
A roughly linear time dependence of h on average, however, does not imply that this also holds on the level of an individual researcher. In fact, this is not the case. Fig. 1(b) illustrates some strong deviations from the lin- ear behaviour for a few chosen examples from our data set. Researcher V shows almost ideal linear behaviour, apart from a slight delay in the start of the career. The other individuals show all types of different characteristics such an increased slope at later times (W and, rather extreme, X), or more complicated curve shapes (Y and Z). These different shapes and possible reasons for them have been discussed previously [17] . It could be interesting to investigate this further by assigning researchers to different shape categories but this goes beyond the scope of the present work. Here, it is only important that a large variety of curve shapes is found and that their tendency to average out to a linear curve does not imply that linear behaviour holds on the level of individual researchers. With respect to the calculation of h α , a consequence of this is that from knowing h today, it is impossible to make reliable statements about what h has been at some point in the past. In order to quantify the deviation from a linear time dependence, we perform a linear fit of h(t) for individuals of the sub-group with a career length of at least 25 years, using the constraint that h in the first year of the career h(0) matches the actually observed value (mostly 0, but sometimes 1 or even 2). The resulting slope and the sum of the squared residuals are shown as histograms in Figure 2 (a) and (b), respectively. We see that h typically increases at a rate of 0-2 per year and that, while a linear fit works reasonably well in most cases, there are many individuals for which it does not.
Using the current instead of the historical value of h to determine the α-author of a paper has another potential drawback: If one of the authors of a paper ceases to publish, he / she could be "out-α'ed" by the others who continue doing so (except for especially outstanding authors with a very high h). To illustrate this, let us assume that three collaborators (A, B, C) with similar h values have published many papers together. At some point, B and C stop publishing due to a change of career or owing to certain life circumstances. This leads to B's and C's h(t) to level off while growth continues for A. Eventually, A would out-α B and C for reasons that are not related to scientific leadership. How long would A need to wait until his / her h value would overtake those of B and C?
The saturation of h following the end of a scientific career has already been discussed by Hirsch in his first paper on the subject [9] . Using a simple model, he pointed out that the time needed for h(t) to level off increases with the total length of the scientific career / the total number of papers published. Saturation in Hirsch's model results from all papers ending up in the h-core, and while this is not expected in a realistic scenario, the key-feature of a slower saturation after a long career is still found in our data. Fig. 3(a) shows the average h(t) for the group of scientists with a career length of 25 years or more as a solid line, as already given in Fig. 1(a) . The dashed lines show the resulting curve if we artificially enforce a career end after 10, 15 or 20 years. The expected tendency for h(t) to level off is indeed observed and this appears to happen faster after a shorter career.
It is important to remember that, again, the trend observed for the average population does not permit conclusions about the trend for individual researchers, which can be very different. This is illustrated in Fig. 3(b) which shows the corresponding curves for researchers V, X and Y from the data in Fig. 1(b) . In this case, only the curve for V is similar to the (roughly linear) average whereas the curves for X and Y and quite different.
An important conclusion from this section is that determining the α-author on the basis of the current h values does not seem to be a good choice. An obvious solution to the issue would be to determine the α-author of a paper by using the historical h values at the time of the paper's publication. Leydesdorff et al. argue that this is challenging because the required citation data are not provided directly in WoS [10] but, as we have shown here, they can actually be extracted -provided that the author's paper collection can be identified without ambiguity by a search in WoS.
The biggest practical difficulty in the calculation of h α is, in fact, another one: Even if all information about every article authored by a person, including detailed citation data, is available, this is not sufficient. The same information is needed for every co-author on every paper the person has ever published with and this is essentially impossible to obtain, unless all authors have unique identifiers. Such unique identifiers are being currently introduced (e. g. ORCID or Researcher ID) but even if such identifiers were used throughout today (which they are not), it would still take at least 20 years before a calculation of h α would be practical.
Alternative approaches to crediting publications to single authors
As we have shown in the previous section, the proposed h α suffers from two important drawbacks: (1) Using the current values of h as a proxy for the historical values of h in order to determine the α-author of a paper causes several problems. (2) Mainly because of name disambiguation, determining h α is extremely difficult and can probably only be done for authors one is very familiar with, or who have sufficiently high h values, such that all past and current competitors for the α-status can be identified and checked by person familiar with the field of research (this does not protect against situations like former PhD students who have meanwhile obtained a high h value through research in a different field). The first problem for the calculation of h α can be fixed quite easily but the second can not. Still, the idea of an "unfair" credit distribution to a single author in order to identify characteristics such as research leadership is very interesting and in this sub-section, we explore alternative, more practical, approaches to accomplish this.
A useful tool for giving credit to a single author only is the gh-index proposed by Galam [6] . Originally, this was introduced as an index that obeys conservation laws for the number of published papers and citations. Indeed, the current practice of all co-authors taking credit for the entire paper and all of its citations appears to violate elementary conservation laws. As an illustration, imagine a business where every associated partner gets the total business revenue and also owns 100% of the business. Unfortunately, this is too good to be true and only feasible with one single owner. A soon as two or more partners own the business, the profit and the ownership must be divided along the respective shares of partners whose total equals 100% of the business assets. Similarly any meaningful quantitative bibliometrics treatment should obey the same kind of conservation law, here with respect to numbers of papers and citations.
While the gh-index was proposed with the intention of achieving a "fair" distribution of credit, it can be defined in a rather large number of declinations, each one giving a specific distribution of a paper's citations to each co-author. This distribution can also be chosen to be extremely "unfair", such as attributing all of a paper's citations to a single author with the purpose of measuring quantities different from the usual total impact. We thus define the following variations of gh:
• gh e gives equal credit to every author by dividing the number of a paper's citations by k if there are k authors, and then follows the same recipe as for the calculation of h. gh e can thus be seen as a variation of the usual h-index but adapted to multi-author publications and conserving the total number of citations.
• gh 1 gives all credit to the first author, i.e. all citations of a paper are counted if the author is the first in the author list and otherwise the citations are set to zero. This is again followed by the usual procedure of calculating h. gh 1 can be viewed as an index for early career achievements, or in connection with single author publications.
• gh L gives all credit to the last author and is otherwise calculated in the same way as gh 1 . In condensed matter physics, as in many other fields, the last author is usually the person with the overall responsibility for a project. In the sense of Hirsch's suggestion, this would be the α-author but it would not necessarily be the person with the highest values of h.
If probing research leadership is the objective, using gh L is much simpler than using h α because its calculation is based on the easily determined position of an author in the list of co-authors. An important restriction is that the author position needs to contain information about author's role in a collaboration which is not always the case. If applicable in a given field of research, choosing the last author instead of the one with the highest h as the leading author can have several advantages. Some have already been mentioned, for example the presence of high-h co-authors on a paper who are simply on the author list because they have contributed to the funding of the project [10] , a practice that is not desirable but common. Another example could be a collaboration involving several groups, all lead by senior people with a high h. Even if the project is lead by one individual, this would not necessarily be the person with the highest h, especially if the groups cover different sub-disciplines. In condensed matter physics, for instance, density functional theory is a sub-field of huge impact and therefore high citation numbers and h-indices [21] . A senior individual working in this field would be likely to out-α the other co-authors. Note that both gh 1 and gh L contain single author papers. If gh L is to be used as an indicator of research leadership, it is not obvious that single author papers should be included. On the other hand, single author papers are quite rare (less than 3% of the total for our data set), and we can therefore ignore this issue here.
The average of the three gh indices is plotted in Fig.  4(a) for the authors with career length of at least 25 years and compared to the average h for the same group. All gh's are smaller than h because they do either include a normalization (gh e ) or represent only a subset of an author's publications (gh 1 and gh L ). As one might expect, gh e is somewhat similar to h, in that it is almost linear but has a slightly increasing slope over time. gh 1 , on the other hand, shows a decreasing slope over time. This might be expected because many first author papers are written in the beginning of a researcher's career and the total number of citations they receive saturates at a later career stage. This is completely equivalent to the case of ceasing to publish altogether, just restricted to first author papers. The overall characteristics of gh L with a clearly increasing slope over time is also consistent with what would be expected for a h-type index associated with research leadership. Last author papers are typically first published with the beginning of an independent career and their number and impact first becomes apparent at a later career stage.
As in the case of the h-index, merely inspecting the average of gh 1 and gh L is insufficient to draw conclusions on the level of a single researcher. In Figure 4 (b) and (c), we therefore show the distribution of gh 1 and gh L as a function of the conventional h, respectively. In the case of gh 1 , we observe that the role of first author papers decreases for individuals with a high value of h. This is to be expected because a high h is mostly based on collaborative work with changing first authors. The distribution of gh L is more interesting, especially when it comes to using this as a possible indicator of research leadership. The distribution of gh L values for a given h is, in fact, very broad. For h = 29, for example, gh L varies between 6 and 24 meaning that one author has achieved a relatively high value of h with only 6 last author publications while another has done the same with 24. This large variation clearly indicates that gh L could be a useful quantity to complement h. For the two authors in question, one would conclude that both made a significant contribution to their research field with the latter in a leading role but not the former.
CONCLUSION
We have inspected the time dependence of the h-index for a large number of individuals. While the average is roughly a linear function of time, this does not hold on the level of individual researchers and we have discussed the implications of this finding for the calculation of the h α -index recently suggested by Hirsch. Based on our findings, it appears more appropriate to identify the α-author of a paper based on the historical h-values at the time of the paper's publication rather than on the current ones, and we have shown that this is relatively easy. On the other hand, there are other severe practical limitation for a calculation of h α . We have adapted Hirsch's suggestion to assign credit in a multi-author paper to a single author in h-type indices for other purposes than merely identifying total research impact, and we have implemented this using the scheme of the gh-index suggested by Galam. Such h-type indices could, for instance, be used to study the correlation between early career success (e. g. a high gh 1 or many first author papers in the initial career stage) and later career achievements (such as a high h or gh L ).
